Protein conformational transitions, which are essential for function, may be driven either by entropy or enthalpy when molecular systems comprising solute and solvent molecules are the focus [1, 2] . Revealing thermodynamic origin of a given molecular process is an important but difficult task, and general principles governing protein conformational distributions remain elusive. Here we demonstrate that when protein molecules are taken as thermodynamic systems and solvents being treated as the environment, conformational entropy is an excellent proxy for free energy and is sufficient to explain protein conformational distributions. Specifically, by defining each unique combination of side chain torsional state as a conformer, the population distribution (or free energy) on an arbitrarily given order parameter is approximately a linear function of conformational entropy. Additionally, span of various microscopic potential energy terms is observed to be highly correlated with both conformational entropy and free energy. Presently widely utilized free energy proxies, including minimum potential energy [3, 4, 5] , average potential energy terms by themselves [6] or in combination with vibrational entropy [7] , are found to correlate with free energy rather poorly. Therefore, our findings provide a fundamentally new theoretical base for development of significantly more reliable and efficient next generation computational tools, where the number of available conformers, rather than poential energy of microscopic configurations, is the central focus. We anticipate that many related research fields, including structure based drug design and discovery, protein design, docking and prediction of general intermolecular interactions involving proteins, are expected to benefit greatly.
Protein molecules realize their function through proper distributions and dynamic transitions among hierarchically organized conformational substates. has both an entropic (S) and an enthalpic (H) component as indicated by the equation G = H − T S. Decomposing free energy change into entropic and enthalpic contributions of system comprising components and their correlations in typical biomolecular systems is critical for both their understanding and, more importantly, intervention and innovative design. However, this is extremely challenging and has not been rigourously realized for any realistic biomolecular systems. Isothermal Titration Calorometry (ITC) [8] is an effective experimental means to split the total free energy change into entropic and enthalpic contributions, but further splitting of contributions into system-comprising components and their correlations is not possible. Computationally, rigorous methodologies based on free energy perturbation and thermodynamic integration [9] are expensive on the one hand, and do not provide entropic and enthapic contributions on the other hand. Enthalpic contributions from any system-comprising components and their interactions are relatively easy to evaluate by molecular dynamics (MD) or Monte Carlo simulations. Calculating entropic contributions has been a major target of methodological development, and numerous statistical mechanical methods have been developed to calculate configurational entropy of either macromolecules [10, 11, 12, 13, 14, 15, 16, 17] or solvents [18, 19, 20] . Entropy reduction due to solvent-solute correlations remains a mistery, however. A number of free energy proxies have been utilized to overcome these challenges in computational studies. Typical examples include minimum potential energy by itself or in combination with conformational entropy in protein design, docking and structural refinement stage of folding [3, 21, 22, 5] , linear combinations of average potential energy terms in linear interaction energy (LIE) model [6] , and average potential energy terms together with vibrational entropy in MM-P/GBSA methodologies [7] . Here we choose protein molecules as thermodynamic systems to avoid difficulty of accounting for solvent contributions, especially the entropy reduction from solute-solvent correlations. When experimental measurements are used as benchmarks, methodological errors is always entangled with that caused by inaccuracy of force fields and insufficiency of sampling. By comparing free energy derived from population distributions with various free energy proxies obtained from the same set of MD simulation trajectories, inaccuracy of force fields and sampling limitation are effectively excluded. We evaluted reliability of potential free energy proxies , and conformational entropy in particular in light of its significance revealed by a number of experimental studies [23, 24] . It is found that conformational entropy, which has not been considered by itself as a free energy proxy, has the strongest linear correlation with free energy among all investigated energetic and entropic terms.
By dividing the whole configurational space into N conf independent conformers, configurational entropy may be split into conformational and vibrational contributions such that [25, 26] :
with P (i) and S i vib being the probability and vibrational entropy of the conformer i respectively. Direct application of this equation, which implies complete sampling of the whole conformational space, is not feasible. Therefore, conformational entropy S conf and vibrational entropy S vib are calculated and analyzed separately.
In a series of studies [27, 28] , Wand and coworkers found that local dynamics of methyl bearing side chains may serve as a robust entropy meter for conformational entropy of proteins. We were inspired to define each unique combination of torsional states for side-chain-heavy-atom (SCHA) defined torsional degree of freedom (DOF) (including χ 1 ) as an independent conformer. A torsional state is defined by a local maximum in the distribution of the corresponding torsion angle. For a given protein, two structural states belong to the same conformer only when each pair of their corresponding SCHA torsional DOFs are in the same torsional state. We assigned snapshots from MD trajectories of hen egg white lysozyme (HEWL) [29] (200µs with 50, 000, 000 snapshots) and bovine pancreatic trypsin inhibitor (BPTI) [30] (∼ 1ms with 4, 124, 963 snapshots) to unique conformers as defined above. The overwhelming majority of conformers were recorded only once (49348379 out of 49668320 for HEWL and 4124917 out of 4124940 for BPTI). Consequently, when projected onto an arbitrary order parameter that is divided into n windows, the number of snapshots in each window (N i ) is approximately equal to the corresponding number of conformers (N i conf ). The net free energy and conformational entropy differences (∆G ij and ∆S ij conf ) between two positions (i, j) on a given order parameter may be written as:
At the given time scale resolutions (250ps for BPTI and 4ps for HEWL), vibrations within each defined conformer is barely seen explicitly and conformational entropy seems to represent free energy very well. Similar conclusions were obtained in analysis of two additional sets of MD trajectories (See supporting info). The assumption that all conformers have the same statistical weight as in eq (5) may become problematic with higher resolution trajectories. To resolve this potential concern, we generated 20, 000 10-ps trajectories for HEWL with their origins uniformly distributed in the original 200µs trajectories. The interval for saving snapshots is set to be 10f s, which is comparable with typical bonding vibrational cycles and are expected to capture interesting transitions within the visited configurational space. At this time scale resolution, conformers were found to have more heterogeneous distributions of statistical weight as shown in Fig. 1a and their sums E p+(p−w) ). As shown in Fig. 1c , S conf is found to be nearly linear with free energy on all backbone dihedrals, their linear correlation coefficients (r) range from −0.999 to −0.970 among 256 backbone dihedrals. Despite various statistical weight of conformers, lnN conf is found to have nearly perfect linear relationship with free energy, with r distributed between −0.99 and −1.00 (See Fig. 1i ). This quantity may be of great use for practical sampling algorithms, where determining statistical weight of each conformer can be difficult and costly. Surprisingly, E p max is found to correlate with free energy as significantly as E p min (Fig. 1e, 1f, 1j ). E p span has the second best correlation with free energy (Fig. 1h, 1j) . From a practical point of view, E p span may be incorporated, with virtually no additional cost, into any present sampling methodology that utilizes minimum potential energy as the free energy proxy, and improve its reliability. Both E p avg and S vib are found to correlate poorly with free energy (Fig. 1g, 1i) . Additionally, E p min (Fig. 1b) and E p max (Fig. S2 ) correlate consistently well with free energy on backbone dihedrals located in stable secondary structures, but their performance vary significantly (ranging from r ∼ 0.85 to r ∼ 0.1) on backbone dihedrals located in flexible region, which are more relevant in protein conformational transitions. E p−w * and E p+(p−w) * exibit similar correlation pattern with free energy as that is observed for E p * (with * representing max, min, avg or span, see Fig. S3-5 ). Statistical weights for conformers were found to correlate significantly with vibrational entropy (Fig. S6) and span of potential energy terms (Fig. S7 ) but correlate poorly with max, min and avg of potential energy terms (Fig. S7) . In practice, strong linear correlation between lnN conf and free energy renders calculation of conformers' statistical weight unnecessary.
Next, the same set of energetic and entropic terms were projected onto two other widely utilized order parameters, radius of gyration (R g ) and number of native contacts (N C), both are not representable as linear combinations of backbone torsional DOFs. The same order of correlation strength with free energy is found for Fig. 2 (a-g) for projection on R g and Fig. 2 (h-n) for projection on N C). In folding, design and docking studies, fitness of backbone configurations are evaluated by repetitively packing side chains and search for ones that have lowest energy according to given scoring functions, which usually are combinations of potential energy terms and solvation term. We clustered snapshots in 10-f s-interval trajectories according to their backbone torsional states, and each cluster is treated as a single window to investigate correlations between free energy and the same set of energetic and entropic terms analyzed above. As shown in Fig. 2 (o-u), the same order of correlation strength with free energy is observed for lnN conf , S conf , S vib , E (with * representing max, min, avg or span) exhibit similar pattern of correlations with free energy as that of E p * (Fig. S8 ). While the performance of S conf and lnN conf deteriorate slightly on these backbone dihedral defined clusters when compared with projection on other order parameters, they are far and away superior to all of the energetic terms and vibrational entropy.
Protein conformational entropy has been considered in a number of computational algorithms [21, 22] . However, its utility as an excellent free energy proxy has not been reavealed in these studies. The reason is that full solute-solvent molecular systems are selected as target of thermodynamic analysis. Consequently, the strong correlation between conformational entropy and free energy is camouflaged by large variations in potential energy and solvation terms, which are much larger in value than conformational entropy of proteins. Combination of average potential energy terms (E p avg and E p+(p−w) avg ) with S vib does not improve correlation with free energy in any considerable way ( Fig. S9-10 ).
Given the observed monotonic map between conformational entropy and free energy, changing the number of available conformers is the most important path through which change of molecular interactions contributes to the change of free energy, which may consequently be rewritten as:
for native globular proteins. The findings suggest that for studied proteins, conformational change are driven by conformational entropy. This conclusion is likely to be true for other globular proteins. Rough treatment of conformational entropy is a significantly underappreciated source of error in enthalpy centric computational algorithms (see supporting info) when compared to accuracy of force fields, which might have taken much undeserved blame. Supporting Information
Analysis of barstar and ribonuclease trajectories
We analyzed two additional sets of 5µs MD trajectories of barstar and a ribonuclease [31] , where snapshots were written with 1ps interval. More heterogeneous life time distributions were observed for conformers (Fig. S1) . Nonetheless, equations (5-6) were found to be very good approximations when backbone dihedrals were selected as order parameters. Majority of conformers ( 3, 146, 722 out of 3, 855, 531 for barstar and 2402306 out of 3, 257, 856 for the ribonuclease ) have life time shorter than two intervals.
Treatment of hydrogen-atom-participating side chain torsional DOFs and backbone torsional DOFs
When non-degenerate torsional DOFs that have participating hydrogen atoms are included to define side-chain-all-atom (SCAA) conformers, the number of involved torsional DOFs increased from 196 to 405 for HEWL and N conf increased nearly two folds (from 2882101 to 5342647). Similar order of correlation strength with free energy is observed for S conf , lnN conf and S vib on all reaction coordinates analyzed (see Fig. S11 ). It is noted that projection of potential energy terms is exactly the same for SCAA and SCHA conformers. For the collection of 10-f s resolution HEWL trajectories, the number of four differently defined conformers, include those based on SCHA, SCAA, all-heavy-atom (AHA) and all-atom (AA) torsional DOFs, are 2882101, 5342647, 3782372 and 5423726 respectively. The small difference between the number of SCAA and AA based conformers suggests that backbone torsional state change is well represented by SCAA torsion based conformers. We did not explicitly include backbone torsional states in free energy proxy analysis for the following reasons. Firstly, correlations among backbone torsional DOFs are much stronger than that among side chain torsional DOFs [30, 29] , and number of statistically important backbone torsional state combinations is a managable number to be treated individually [29] . Secondly, in protein folding refinement, design and docking [3, 5] , backbone configurations are widely explicitly considered as conformational states that need to have their free energy evaluated. In practice, entropy evaluation based on SCHA torsion may be easily implemented with widely-utilized united-atom model, and SCAA torsion with fully atomic models. Thus naturally form the final two levels of side chain packing.
Microscopic basis of enthalpy-centric and entropycenteric algorithms
The canonical configurational integral Z N = d 3N r exp −βU (r), with β being the reciprocal temperature and U (r) being the potential energy of the molecular system at configuration r, is the basis for many sampling algorithms. In a naive implementation of the Metropolis algorithm, the integrand (and consequently U (r)) is the focus with the implied assumption that the density of states is similar in the whole configurational space, and a significant integrand makes significant contribution to the integral. This is absolutely correct when the sampling is performed over each single possible mirostate of the system. Based on correspondence between potential energy of microstates and macroscopic enthalpy, sampling schemes focusing on U (r) is termed enthalpy-centric below. In computational treatment of realistic multi-dimensional integral (e.g. partition function of a typical protein molecule), the discretization is rather coarse and a point (i.e. a specific microstates) is utilized to represent a small volume (δv) in the configurational space that may harbor a huge number of conformers. An accurate discretization should be
exp −βU i , where the statistical weight of a small volume (δv) in configurational space is dependent upon two factors, the number of microstates (N S δv ) in this volume and potential energies of these microstates (U i , i = 1, 2, · · · , N S δv ). N S δv directly relates to conformational entropy, which is found to be the best proxy of free energy. Algorithms that focusing on the number of available conformers in each visited region of configurational space is termed entropy-centric accordingly. Presently, enthalpy-centric methodologies dominate and we expect entropy-centric development to catch up in the next decade. 
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